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Abstract
Orbital angular momentum of light has recently been recognized as a new degree of freedom
to encode information in quantum communication using light pulses. Methods to extract this
information include reversing the process by which such twisted light was created in the first
place or interference with other beams. Here, we propose an alternative new way to directly
read out the extra information encoded in twisted light using plasmonic nanoantennas by con-
verting the information about the orbital angular momentum of light into spectral information
using bright and dark modes. Exemplarily considering rotation-symmetrical nanorod nanoan-
tennas we show that their scattering cross-section is sensitive to the value of the orbital angular
momentum combined with the polarisation of an incident twisted light beam. Explaining the
twist-dependence of the excited modes with a new analytical model our results pave the way to
twisted light nanoplasmonics, which is of central importance for future on-chip communication
using orbital angular momentum of light.
Introduction
Twisted light , i.e. light carrying orbital angular
momentum (OAM),1 has recently emerged as a
new way to encode information into the phase of
a light beam.2–5 Moreover, the OAM of twisted
light can also be exploited in areas ranging
from unusual transitions in semiconductors6,7
to applications as tweezers in biology.8,9 Hav-
ing generated a twisted light beam,10–15 the
information about the OAM can be retrieved
by converting the twisted light back to plane
waves,13,16 wiping out the OAM of the twisted
light beam. Another method is to use interfer-
ence with other beams and detecting the result-
ing interference pattern.5,10 Here, we propose
an alternative approach to read out the OAM
of light using plasmonic nanoantennas and show
that the OAM can be converted into spectrally
sensitive information. An advantage of our ap-
proach is that well established spectral mea-
surement technique can be used for detection
rather than spatial measurements. For twisted
light, one has to keep in mind that in addi-
tion to the OAM such a beam can also have a
certain circular polarisation, which in quantum
optics is denoted in terms of spin angular mo-
mentum (SAM) in which information can also
be encoded. Depending on the combination of
OAM ` and handedness of polarisation σ, the
twisted light beam can be categorised into two
distinct classes, which we shall call the parallel
class for ` and σ having the same sign and the
antiparallel class with ` and σ having opposite
signs.17 In this paper, we will show that the
resonance frequency of a rotationally arranged
nanoantenna is sensitive to the class of twisted
light and to the absolute value of the OAM
|`|. The resonances which are excited by the
twisted light can be identified with bright and
dark modes of plane waves.18 In other words,
twisted light can also be used to excite a dark
mode, in addition to already existing possibili-
ties like focused electron beam,19,20 far-field il-
lumination techniques with spatially inhomo-
geneous fields,21 evanescent excitation,22 non-
normal excitation23,24 or radially or azimuthally
polarized light.25–28 We further establish an an-
alytical model to explain the number of modes
that are excited by twisted light and discuss the
degeneracy of different modes. This provides a
direct way to explain how a nanoantenna reacts
to twisted light.
2
Theoretical background
Let us first revisit the properties of a twisted
light beam. The most important property is the
additional phase describing the OAM, which
also leads to the formation of a vortex or phase
singularity at the beam axis. The radial pro-
file of a twisted light beam can be described
mathematically either in terms of a Laguerre-
Gaussian29 or Bessel function.30 Here we shall
consider Bessel beams, because they are exact
solutions of Maxwell’s equations.31 For Bessel
beams, the electric field in cylindrical coordi-
nates {r, ϕ, z} with E = Er~er +Eϕ~eϕ +Ez~ez of
a monochromatic Bessel beam with wavelength
λ and a propagation direction along the z-axis
can be expressed as follows:17,30,32
Er(r, t) = E0J`(qrr)×
sin[(ωt− qzz)− (`+ σ)ϕ],
Eϕ(r, t) = −σE0J`(qrr)×
cos[(ωt− qzz)− (`+ σ)ϕ],
Ez(r, t) = σ
qr
qz
E0J`+σ(qrr)×
cos[(ωt− qzz)− (`+ σ)ϕ], (1)
with the frequency ω = 2pic/λ, the velocity of
light c, the wave vectors qz along the propaga-
tion direction and qr in the transversal plane
with a fixed ratio of qr/qz = 0.1. J`(qrr) is
the Bessel function as shown in the top right of
Fig. 1, which except for ` = 0 is zero at the ori-
gin reflecting the phase singularity. The OAM
is encoded in `, which is also called topological
charge, while σ = ±1 denotes the handedness
of circular polarisation. Due to the symmetry,
there is a degeneracy when the sign of both `
and σ change simultaneously. Therefore, it is
sufficient to restrict ourselves in the following
to σ = +1.
It is instructive to look at a plot of the trans-
verse electric field of twisted light for different
values of ` at z = 0 presented in Fig. 1. For
the parameters we set λ = 900 nm such that
qr ≈ 7 × 10−4 nm−1. The field patterns for
` = 0 in the top left of Fig. 1 is analogous to
the usual circularly (or even linearly) polarized
light with the vectors of the electric field all
pointing in the same direction. The middle row
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Figure 1: Electric field patterns of twisted light
with handedness of polarisation σ = +1. The
OAM in the top left panel is ` = 0, correspond-
ing to circularly polarized light The middle row
shows twisted light in the parallel class with
` = 1 . . . , 4 and the bottom row represents the
anti-parallel class with ` = −1 . . . − 4. All
fields are in the z = 0 plane at t = 0. The
arrows show the direction of the electric field
vectors and the background color indicates the
strength of the radial component. Top right:
Bessel functions J0 . . . J4 as function of the dis-
tance r from the beam axis.
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shows the electric field for ` = +1 . . .+ 4, while
the bottom row displays the field for the values
` = −1 . . .−4. The complex field patterns show
that the twisted light falls into two classes, the
parallel class with sgn(`) = sgn(σ) (middle row)
and the antiparallel class with sgn(`) 6= sgn(σ)
(bottom row). Strikingly, even when evolving
in time the field patterns do not evolve into each
other.17
We further specify the radial component of
the electric field by the different background
colours, where red (positive) refers to an out-
pointing electric field, while blue (negative) in-
dicates an in-pointing electric field. This will
become important for the interaction with the
nanoantennas as discussed below because the
radial component of the electric field points in
the same direction of the antenna arms and de-
termines mainly the resonance behaviour. We
already note here that the symmetry of the ra-
dial component is given by `+ σ, e.g. for ` = 0
(and σ = +1) there is one change between pos-
itive and negative values, while for ` = −1 (and
σ = +1) the field is rotationally symmetrical,
e.g. purely radial as shown in Fig. 1.
We chose a design consisting of a rotationally
arranged nanoantenna comprising N identical
nanorods and in the folllowing show results for
N = 2, 3, 6 symmetrically arranged nanorods.
Without loss of generality we assume twisted
light to be incident on the nanoantenna from
the top, aligning the symmetry axis with the
propagation direction. Each rod has a length
of L = 150nm and a circular cross-section with
a diameter of D = 40nm, while the ends of
the rods are rounded by hemispheres. The rods
are positioned symmetrically about the z = 0
plane. The gap region in the center has a diam-
eter of G = 50nm. Moreover, we assume the
antennas to be made of gold and surrounded
by air. To calculate the scattering cross-section
of the nanoantennas, we use a boundary ele-
ment method (BEM)33 with experimental data
for the dielectric function of gold.34
To gain a deeper understanding of the selec-
tivity of the nanoantennas on the OAM of light,
we here develop an analytical model using the
‘thin-wire’ approximation of classical antenna
theory.35
For the model, we assume that each arm is
a perfectly conducting wire of the length L,
which also saves us from having to make the dis-
tinction between volume and surface currents
which is necessary for antennas in the visible
regime.36 The electric field radiating from a sin-
gle wire can be calculated by its vector poten-
tial ~A, where we assumed a harmonic time de-
pendence.35 The retarded vector potential then
reads
~A(~r) =
µ0
4pi
∫
d3r′
~J(~r′)
|~r − ~r′|e
ik|~r−~r′|, (2)
where ~J is the current density in the wire and k
is the wave vector of the radiation field. Fixing
the antenna along the x-direction and assuming
that it has no width in the y- and z-directions
yields a current density ~J of the form
~J(~r) = I(x)δ(y)δ(z)~ex, (3)
where I(x) is the current in the wire. We as-
sume that at the resonance wavelength λr the
current is of the form
I(x) = I0 cos(kx), (4)
with k = 2pi/L and the length of the antenna
is L = λr/2. We note that this is an approxi-
mation, seeing that in the BEM the resonance
frequency is not twice the antenna length, how-
ever, the model is well suited to explain qual-
itative features found in the numerical calcu-
lation. With the current the retarded vector
potential ~A (Eq. 2) can be evaluated.35 Using
Lorenz gauge the scalar potential is given by
Φ = ~∇ · ~A/(iωµε), where ε = ε0εr is the per-
mittivity and µ = µ0µr is the permeability. For
air we take εr = 1 and µr = 1. With this the
electric field is determined via
~E(~r, ω) =
−1
iωµε
[~∇(~∇ · ~A(~r, ω) + k2 ~A(~r, ω)]. (5)
The results are analytical formulas for the
electric field of one arm of the antenna cen-
tered around ~r = 0 and pointing along the x-
4
direction:
Ex =
iI0
4picε
[G− +G+]
Ey =
−iI0
4picε
y
y2 + z2
×
[(x− L/2)G− + (x+ L/2)G+]
Ez =
−iI0
4picε
z
y2 + z2
×
[(x− L/2)G− + (x+ L/2)G+]. (6)
G± is given by
G± =
eik
√
(x±L/2)2+y2+z2√
(x± L/2)2 + y2 + z2 . (7)
The field ~E(n) of the n-th arm of the antenna is
obtained by rotating the wire by ϕn = 2pin/N
and then displacing it by the half of length and
half of gap (L+G)/2.
To calculate the total field ~Etot, which is gen-
erated by the nanoantenna excited by a twisted
light beam with the OAM ` and the polarisa-
tion σ, we superimpose the resulting field of the
N arms and additionally include a phase factor
ei(`+σ)ϕn to account for the phase of the twisted
light beams. Then,
~Etot =
N−1∑
n=0
~E(n)ei(`+σ)ϕn , (8)
which yields an analytical equation for the in-
duced fields of the nanoantenna.
Results and Discussion
First we discuss the results calculated with the
BEM. The results are shown in Fig. 2 for
different values of ` ranging from |`| = 0 to
|`| = 4 from top to bottom, respectively, and for
N = 2, 3 and 6 from left to right. The scatter-
ing cross-section for the parallel class is marked
by solid lines, while the antiparallel class is
denoted by dashed lines. The resonances are
marked by vertical black dashed lines. The in-
sets show the corresponding surface charges of
the resonances as calculated in the BEM with
red indicating a positive and blue a negative
charge. Due to the increasing beam waist the
intensity drops for increasing OAM |`|, which
is compensated by the factor noted in the top
right of each row.
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Figure 2: Scattering cross-sections of a nanoan-
tenna with N = 2 (left), N = 3 (middle) and
N = 6 (right) arms excited by twisted light cal-
culated with the BEM. The rows corresponds to
an OAM of the twisted light of ` = 0 to |`| = 4
from top to bottom, respectively. The solid
lines belong to the parallel class (sgn(`) > 0)
and the dashed lines to the antiparallel class
(sgn(`) < 0). The scaling of the cross section
is denoted in the top left. The vertical dashed
lines mark the resonance frequencies λd/b ex-
cited by the twisted light. The insets show the
surface charge distribution in the nanorods of
the resonances with blue indicating a negative
and red a positive surface charge.
Let us first study the resonances in the scat-
tering cross-section of the dimer antenna with
N = 2 shown in the left column of Fig. 2.
For ` = 0, the bright or bonding mode of
the nanoantenna at λb = 750 nm is excited.
When we now increase |`| we see that for even
|`| = 2, 4 the bright resonance is excited, while
for odd |`| = 1, 3 a different resonance at λd =
5
700 nm comes up which corresponds to the dark
or antibonding mode. The difference in the two
modes can be explained using a hybridization
model similar to two or more coupled harmonic
oscillator resembling the surface charges.18,37
The strength of the splitting is very sensitive
to the coupling between the two arms, which is
mostly affected by the size of the gap G. The
BEM allows us to calculate the surface charges
as indicated in Fig. 2, showing that, indeed, in
the bright mode the surface charges oscillate
in-phase, while for the dark mode the surface
charges oscillate out-of-phase. As for coupled
harmonic oscillators we see that energetic po-
sition of the anti-bonding mode is above the
one of the bonding mode.18,37 The relation be-
tween the phases of the surface charges and
the twisted light can be determined by look-
ing at the corresponding radial component of
the incident beam. As shown in Fig. 1, for even
|`| = 0, 2, 4, we see that there is a change be-
tween positive and negative radial components
in the x-direction, while for odd |`| = 1, 3, the
opposite lying radial components have the same
direction. We further note that the dark reso-
nance is narrower than the bright one. This is
related to the fact that the bright mode corre-
sponds to dipole radiation, while the dark mode
has a quadrupolar radiation pattern. ForN = 2
we thus conclude that the dimer antenna is sen-
sitive to the absolute value of OAM and that it
is possible to distinguish between even and odd
values of OAM. However, the dimer antenna
does not distinguish between the two classes of
twisted light.
If we now consider a trimer nanoantenna with
N = 3 as displayed in the middle column of
Fig. 2 we see that different resonances for the
two distinct classes of twisted light are excited.
For ` = 0 there is a resonance at λb = 760 nm
accompanied by a surface charge distribution
where one rod has a positive charge pointing
towards the middle while the other two have
the opposite charge in the center. We call this
mode again ‘bright’. For |`| = 1 we see that in
the parallel class with ` = +1 (solid line) also
the bright mode is excited, while in the antipar-
allel class with ` = −1 (dashed line) a resonance
at λd = 675 nm is excited. For this dark reso-
nance all surface charge distributions point syn-
chronously either inwards or outwards. Indeed,
for N = 3 only the modes with these two fre-
quencies can be excited when considering the
phase combinations of surface charges in the
three arms. For |`| = 2 we see again a splitting
between the classes, but the other way round
to the case with |`| = 1, i.e., the dark mode
is excited by the parallel class, while the an-
tiparallel class has a resonance at λb. If we now
look at |`| = 3, which corresponds to the num-
ber of arms of the nanoantenna, we find that
both parallel and antiparallel classes are again
degenerate and both excite the bright mode.
The link between the resonant modes and the
OAM of the excited light can be explained by
considering the symmetry of the radial compo-
nents of the twisted light (cf. Fig. 1). As an
example, we discuss the case of |`| = 2. For
parallel light, we find three axes where the ra-
dial component changes from inwards to out-
wards. When we consider the symmetry of the
nanoantenna with N = 3 it is clear that the
arms always find themselves in a region with
the same direction. On the other hand, in the
antiparallel class with ` = −2 there is only one
axis. Hence the surface charge distribution in
one arm always points in the opposite direction
to the one in the other arms, corresponding to
the bright mode.
The higher the number of N is, the more
modes can exist. These can be deduced from
the combination of inwards and outwards point-
ing surface charge distributions in the differ-
ent arms under the constraint of the rotational
symmetry. We will here discuss the example
of N = 6 arms as shown in the right column
of Fig. 2. First of all, we notice that a number
of resonances appear, which can be quiet broad.
As in the case of the trimer nanoantenna, we see
that for |`| = 1, 2 and 4 the resonances split de-
pending on the class of the twisted light beam,
while for |`| = 3 again both classes excite the
same mode. Looking in more detail, we find
that now four modes are excited. Denoting the
` = 0 mode at λb = 780 nm ‘bright’, we see
that in this mode the surface charge distribu-
tions in half of the arms are pointing inwards
and the ones in the other half are pointing out-
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wards. For ` = −1 we see that a mode at
λd1 = 615 nm with all surface charge distribu-
tions pointing synchronously inwards is excited
in agreement with the radial character of the
incident twisted light. Similar to coupled har-
monic oscillators, where the out-of-phase oscil-
lation is the energetically highest one, this is
the mode with the highest energy. For ` = +1
also a dark mode at λd2 = 825 nm is excited,
which is energetically more favourable than the
bright mode. Here, the surface charge distribu-
tion of two opposing arms point inward, while
ones of the other four arms point outward. For
` = −2 the bright mode is excited, but ` = +2
excites a third dark mode at λd3 = 830 nm,
in which the surface charge of the arms is al-
ternating. For ` = ±3, we then see that the
dark mode λd1 is excited for both parallel and
antiparallel classes, while for |`| = 4 the reso-
nances split again. In total, we find four differ-
ent modes. Note that there is a small shift in
the resonances, which can be explained by an
increased beam waist for increasing |`|.
We have seen that with twisted light a num-
ber of dark modes in a nanoantenna composed
of several arms can be excited and that the reso-
nance modes are selective on both the absolute
value of the OAM |`| and on the sign of the
OAM `. We further tested, that the found reso-
nance behaviour is robust against small changes
of the position of the beam axis: as long as the
beam axis lies within the gap region, the same
resonance behaviour is found. This shows that
the read out of the value of OAM with such
nanoantenna arrays is possible.
Now we discuss the electric field from the
analytical antenna model for the trimer an-
tenna with N = 3 in Fig. 3. Here, the in-
tensity of the electrical field is plotted in the
z = 0 plane with a logarithmic scale. From the
field we can distinguish several modes of exci-
tation. For ` = 0 and ` = ±3 there is the
same intensity distribution, where the ends of
the middle and right wire show high intensi-
ties. In contrast for ` = +1,−2,+4 the ends
of the left and middle wire show high inten-
sities. The time dependence of the fields for
` = 0 and ±1 clearly shows that the rotation
direction in these two cases is inverted. How-
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Figure 3: Induced electric field calculated with
the antenna model. The intensity in the z = 0
plane with a logarithmic scale is shown for ` = 0
(top) and positive OAM ` = 1 . . . 4 (middle)
and negative OAM ` = −1 . . .− 4 (bottom).
ever, the energy of these two modes is degener-
ate as they have the same symmetry. A differ-
ent pattern is found for ` = −1,+2,−4, where
all ends of the three wires have high intensity
and in the middle of the antenna is a dark spot
with low intensity. This is a breathing mode,
where only the intensity but not the field pat-
tern changes with time.20 The field patterns
agree with the resonance behaviour found in
the BEM calculations, for the rotating mode for
` = 0,+1,−2,±3,+4 we find an excitation of
the bright mode, while the breathing mode for
` = −1,+2,−4 corresponds to the dark mode.
This shows that our analytical model is capable
of identifying the different modes excited by the
twisted light.
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Figure 4: Electric field calculated with the
BEM . The intensity in the z = 0 plane is shown
on a logarithmic scale for ` = 0,+1,−1 from
left to right.
It is interesting to compare the analytical
model to the calculations done with the BEM.
7
For this end we plot the electric field intensity
calculated with the BEM in Fig. 4 for the cases
` = 0,±1, where the black areas in the middle
of the figures show the positions of rods. For the
wavelength, we choose the resonant wavelength
λb or λd. Again we find rotating modes for ` = 0
and ` = +1, which differs only in the rotation
direction in the time behaviour. These fields
correspond to the bright mode. For ` = −1 we
also find a breathing behaviour as expected for
the dark mode.
odd N ω1 ω1even N
ω2 ω2ω3
ωN-1 ωN-1ωN
ωN
ω3
Figure 5: Sketch of the possible resonance fre-
quencies and their degeneration for and odd
(left) and even (right) number of arms. Same
colours imply that the modes are degenerate.
Having understood the resonance behaviour
in detail, we now summarize the resonance be-
haviour using symmetry arguments only. For
instance, in the case of three antenna arms ev-
ery antenna arm can have a different phase of
the radiating field. The first possibility, de-
noted by ω1, is that all arms have the same
phase ω1:(0, 0, 0). The second possibility is
that the second antenna arm has an additional
phase of 2pi/3 and the third one of 4pi/3 so
that ω2:(0, 2pi/3, 4pi/3). The third option is that
there is a phase change by 4pi/3 of every an-
tenna arm ω3:(0, 4pi/3, 8pi/3). By reducing the
phase changes into a 2pi-interval, it is clear that
the latter modes have equal frequencies ω2 = ω3
with their phases in an inverted order. This ex-
plains the excitation of the degenerate modes
with a different temporal behaviour. These con-
siderations can be generalized for N antenna
arms, where we have N possible modes with:
ωi : (0, 1, 2, . . . , N − 1)× (i− 1) · 2pi
N
(9)
where i = 1, 2, . . . , N . The second and the N -
th option are degenerate ω2 = ωN , the third
and the (N − 1)-th ω3 = ωN−1 and so on. In
total for an odd number of antenna arms there
are (N − 1)/2 degenerate modes and (N − 2)/2
for an even number of antenna arms. Therefore
the number of different resonance frequencies
excited by twisted light is [N/2] + 1 where [] is
the Gauss floor function. This is illustrated in
the sketch in Fig. 5. Going back to our discus-
sion of the case of N = 6, where we found four
modes in the BEM, we find that this is consis-
tent with our explanation using the symmetry
arguments.
Conclusion
In conclusion, we have demonstrated that a ro-
tationally arranged nanoantenna can be used to
convert the phase information of a twisted light
beam into spectral information and hence can
be used to classify the phase state of a twisted
light beam. To be specific, for a dimer antenna
we can distinguish between even and odd val-
ues of OAM, while for an antenna with N ≥ 3
arms also the class of the OAM beam can be
determined. We further showed that different
dark modes can be excited by a twisted light
beam, which cannot be easily excited by plane
wave light. Our findings are well explained by
a thin-wire model, which gives a handy rule to
determine the number of resonance frequency
of an antenna consisting of N arms excited by
twisted light. Our work shows that also on the
nanoscale the OAM influences strongly the op-
tical properties of plasmonic particles and our
results will be useful for implementing twisted
light beams on the nanoscale for secure commu-
nication.3,4
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